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FABRICATION OF NANO-OBJECT ARRAY

CROSS REFERENCE TO RELATED PATENT
APPLICATION

[0001] This is a continuation-in-part of a co-pending U.S.
patent application having Ser. No. 10/683,527, a filing date
of Oct. 7, 2003, and an attorney file number of 200309813,
for FABRICATION OF NANOWIRES of Pavel Kornilov-
ich et al. This co-pending United States Patent Application
is commonly assigned herewith and is hereby incorporated
herein by reference for all that it discloses.

TECHNICAL FIELD

[0002] This invention relates to a system and method for
fabricating nano-object arrays.

BACKGROUND

[0003] Prior art thin-wire arrays are used in a large number
of devices, and have been found particularly suited for use
in small or densely structured computer devices, such as
sensors, memory devices, and logic chips.

[0004] To address this need for thin-wire arrays, thin-wire
arrays have been created using photolithography. As com-
puter devices get smaller and smaller, however, the wires of
these arrays need to be thinner and more closely spaced.
Photolithography has so far not proven to be an adequate
method to create very thin and closely spaced arrays of
wires.

[0005] To address this need for thinner arrays of wires,
two ways of creating them have been used. One of these
prior-art ways uses an etched superlattice as a mold for
imprint lithography. The other uses an etched superlattice
and physical vapor deposition to fabricate nanowire arrays.

[0006] Prior-art etched-superlattice imprint lithography is
described in U.S. Pat. No. 6,407,443, This example of
imprint lithography is typically associated inconveniently
with subsequent lift-off processing and may ultimately have
limited process capability. It also uses a nano-imprinting
step, which has so far not been consistently and successfully
used in a production atmosphere.

[0007] Prior-art physical vapor deposition uses an atomic
beam to directly deposit material on a surface of an etched
superlaftice. This deposited material is then physically trans-
ferred to a substrate. This method, however, may produce
oddly shaped wires, which can create various structural and
usage difficulties. Prior-art physical vapor deposition also
can require processing in an Ultra-High Vacuum (“UHV”),
which can be costly to use and would restrict the usage of
materials that are incompatible with UHV processing.

[0008] There is, therefore, a need for a technique for
manufacturing arrays of thinner wires that is reliable, less
expensive, more reproducible, and more production-friendly
than permitted by present-day techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 illustrates a side, cross-sectional view of an
exemplary superlattice.

[0010] FIG. 2 illustrates a side, cross-sectional view of an
exemplary superlattice having a working surface.
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[0011] FIG. 3 illustrates a three-dimensional view of an
exemplary superlattice having a working surface and thick-
ness, depth, and length dimensions.

[0012] FIG. 4 illustrates a three-dimensional view of an
exemplary superlattice having a working surface and an
electrical connection surface.

[0013] FIG. 5 shows a block diagram of an exemplary
system that is capable of implementing methods for creating
nanowire and nano-object arrays.

[0014] FIG. 6 is a flow diagram of an exemplary method
for creating a nanowire array using electrochemistry and
physical transfer.

[0015] FIG. 7 illustrates a three-dimensional view of an
exemplary superlattice having a working surface and an
electrical connection surface in electrical communication
with an electrical power sink.

[0016] FIG. 8 illustrates a three-dimensional view of an
exemplary superlattice having a working surface having a
low-adhesion layer and an electrical connection surface in
electrical communication with an electrical power sink.

[0017] FIG. 9 illustrates a side, cross-sectional view of an
exemplary superlattice having alternating layers of materials
and with one set of the alternating layers being altered at a
working surface.

[0018] FIG. 10 illustrates a side, cross-sectional view of an
exemplary superlattice having alternating layers of materials
and with the materials being altered at a working surface.

[0019] FIG. 11 illustrates a three-dimensional view of an
exemplary superlattice having a corrugated working surface
and an electrical connection surface in electrical communi-
cation with an electrical power sink.

[0020] FIG. 12 illustrates a three-dimensional view of an
exemplary superlattice having a working surface, the work-
ing surface having a low-adhesion layer and material present
on alternating layers of the working surface, and an electri-
cal connection surface in electrical communication with an
electrical power sink.

[0021] FIG. 13 illustrates a three-dimensional view of an
exemplary superlattice having a corrugated working surface,
the working surface having material present on alternating
layers of the working surface, and an electrical connection
surface in electrical communication with an electrical power
sink.

[0022] FIG. 14 illustrates a three-dimensional view of an
exemplary superlattice and an exemplary array substrate, the
superlattice having material on its working surface.

[0023] FIG. 15 illustrates a three-dimensional view of an
exemplary array substrate with wires of material on one of
the array substrate’s surfaces.

[0024] FIG. 16 is a flow diagram of an exemplary method
for creating a nanowire array using ion transfer.

[0025] FIG. 17 illustrates a three-dimensional view of an
exemplary superlattice having a working surface, the work-
ing surface having alternating layers being eroded, and an
electrical connection surface being in electrical communi-
cation with an electrical power sink.
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[0026] FIG. 18 illustrates a side, cross-sectional view of an
exemplary superlattice having alternating layers of materials
that are corrugated along a working surface, an electrical
connection surface being in electrical communication with
an electrical power sink, and an exemplary conductive
receiving substrate being in electrical communication with
an electrical power source and having one material from the
working surface of the superlattice being deposited on a
surface of the conductive receiving substrate.

[0027] FIG. 19 illustrates a side, cross-sectional view of an
exemplary superlattice having alternating layers of materials
that are corrugated along a working surface with one of the
alternating layers including multiple materials, an electrical
connection surface being in electrical communication with
an electrical power sink, and an exemplary conductive
receiving substrate being in electrical communication with
an electrical power source and having materials from the
working surface of the superlattice being deposited on a
surface of the conductive receiving substrate.

[0028] FIG. 20 is a flow diagram of an exemplary method
for creating a nano-object array.

[0029] FIG. 21 illustrates a three-dimensional view of an
exemplary superlattice having a corrugated surface with
troughs and ridges, an electrical connection surface in elec-
trical communication with an electrical power sink, and
thickness, depth, and length dimensions.

[0030] FIG. 22 illustrates a three-dimensional view of an
exemplary superlattice having a corrugated surface with
troughs and ridges, an electrical connection surface being in
electrical communication with an electrical power sink, and
an exemplary bath in electrical connection with an electrical
power source and containing exemplary ionized nano-ob-
jects.

[0031] FIG. 23 illustrates a three-dimensional view of an
exemplary directed flow bath having a bath platform holding
an exemplary superlattice, a shelf connected to an electrical
power source, and having thickness, depth, and length
dimensions.

[0032] FIG. 24 illustrates a three-dimensional view of an
exemplary superlattice having a corrugated surface with
troughs in the surface containing nano-objects making up an
exemplary array, and an electrical connection surface in
electrical communication with an electrical power sink.

[0033] FIG. 25 illustrates a three-dimensional view of an
exemplary superlattice having a corrugated surface with
troughs in the surface containing nano-objects making up an
exemplary array and un-arrayed nano-objects not making up
the exemplary array.

[0034] FIG. 26 illustrates a three-dimensional view of an
exemplary superlattice having an exemplary array of nano-
objects and an exemplary array substrate.

[0035] FIG. 27 illustrates a three-dimensional view of an
exemplary array substrate with an exemplary array of nano-
objects on one of the array substrate’s surfaces and thick-
ness, depth, and length dimensions.

[0036] FIG. 28 illustrates a three-dimensional view of an
exemplary array substrate with an exemplary cross-hatch
array of nano-objects and/or nano-wires on one of the array
substrate’s surfaces.
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[0037] The same numbers are used throughout the disclo-
sure and figures to reference like components and features.

DETAILED DESCRIPTION

[0038] The following disclosure describes various
embodiments of a system and method for fabricating nanow-
ire and nano-object arrays. The described system and
method can be used to fabricate arrays of wires or objects
with a thickness and spacing in a nano, micro, and meso
scale and in combinations of these scales. The described
system and method can be used to fabricate arrays of wires
or objects directly on the side of a superlattice. Such arrays
can be used to fabricate secondary arrays of wires on a
different substrate surface. Such secondary arrays can be
used to fabricate further arrays of different wires or objects
on the same substrate surface. This nesting of capabilities for
the processing of arrays provides great flexibility in material
selection, process design, and the engineering of structures
and devices.

[0039] The disclosed system and method is capable of
creating an array of closely spaced, very thin wires or
objects. This type of array is capable of being used in current
and future devices, allowing these devices to function better,
more quickly, and be built on a smaller scale.

[0040] The disclosed system and method offer substantial
benefits over many prior-art solutions. These benefits can
include precise control of the dimensions of an array, such
as a length, thickness, and spacing of wires or objects, as
well as a number of wires or objects. The disclosed system
can also provide smoother, more usable cross-sections of the
wires than some prior-art solutions. Further, the cost of
producing nanowire and nano-object arrays can be reduced
with this system and method, including by using a super-
lattice multiple times and not needing to use nano-imprint-
ing, lift-off processes, or UHV, each of which can be costly.
Also, nanowire and nano-object arrays having wires or
objects made of many different types of materials can also
be created using the described system and method—a poten-
tially substantial benefit.

An Exemplary Superlattice

[0041] FIGS. 1 through 4 set forth a superlattice usable in
various processes discussed below for creating a nanowire
or nano-object array. This superlattice is one example of a
structure usable in the below-discussed processes. Other
superlattices, surfaces, and structures can be used; this
exemplary superlattice is not intended to be limiting on the
scope of the below processes, but instead is intended to aid
the reader in understanding the below-described processes.

[0042] FIG. 1 sets forth an exemplary superlattice 100,
here shown at a side, cross-sectional view. The superlattice
100 includes at least two or more different layered materials,
here first material layers 102 and second material layers 104.
Either of these material layers can be layered on a substrate
106, or otherwise. Construction of the superlattice 100
shown in FIG. 1 can be performed in various ways, such as
with chemical vapor deposition, sputtering and other meth-
ods of physical vapor deposition, atomic layer deposition,
electroplating, and the like.

[0043] The layered materials alternate, such as shown in
FIG. 1. The thickness of each of the layers 102 and 104
affects the process of creating a spacing (or “pitch”) between
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wires or objects and a thickness of the wires (and, in some
cases the objects) themselves, as will be set forth in greater
detail below. Thus, the thickness and spacing of the layers
102 and 104 affect the properties of an array of wires or
objects fabricated using the superlattice 100.

[0044] Both of the first material layers 102 and the second
material layers 104 can be of various thicknesses, including
from nanometer in scale to micrometer and thicker in scale.
The layers 102 and 104, for instance, can be created with a
thickness of less than 10 nanometers (even as low as 0.7
nanometers), 10-15 nanometers, 15-20 nanometers, and 20
to 50 nanometers or more, or combinations thereof. The
smallest layer thicknesses are used to produce wire or object
arrays of the highest density and wires or objects that exhibit
extreme size-dependent properties such as quantum effects.
The larger layer thicknesses provide for classical non-
quantum properties, easier manufacturability, greater elec-
trical conductance, more surface area, and less dense arrays.

[0045] The first material layers 102 can be made of
various types of materials, including conductive materials
and non-conductive materials. Of conductive materials, the
first material layers 102 can include one or more metals such
as platinum, beryllium, aluminum, palladium, tantalum,
nickel, gold; metallic alloys; a ceramic such as indium tin
oxide, vanadium oxide, or yttrium barium copper oxide; an
electrically semiconductive material such as silicon, dia-
mond, germanium, gallium arsenide, cadmium telluride,
zinc oxide, silicon carbide, tin oxide, indium tin oxide;
and/or other elemental, binary, and multi-component mate-
rials, for instance. Of the non-conductive materials, the first
material layers 102 can include aluminum oxide, various
other oxides, and other insulating materials that can be
deposited in thin layers. The choice of material combination
will be application-specific, and the process can be made to
work with most any solid material that can be deposited as
thin layers, including “soft” materials like polymers.

[0046] Likewise, the second material layers 104 can be
made of various types of materials, including conductive
materials and non-conductive materials, such as those
described for the first material layers 102, above. Of the
non-conductive materials, the second material layers 104
can include aluminum oxide, various other oxides, and other
insulating materials that can be deposited in thin layers. Also
the first material layers 102 and the second material layers
104 can be single-crystalline and/or in epitaxial relationship.
Epitaxial refers to the perfect or near-perfect lattice registry
of one material to another material upon which it is depos-
ited.

[0047] Both the first material layers 102 and the second
material layers 104 can be conductive, or one of them can be
conductive and the other insulative. In cases where both of
the layers 102 and 104 are conductive, a surface that exposes
the layers can be treated such that one exposed surface of
either the first material layers 102 or the second material
layers 104 is non-conductive, etched, or removed. These
processes and an example of the surface will be described in
greater detail below.

[0048] Both of the first material layers 102 and the second
material layers 104 can include more than one material. The
first material layers 102 can, for instance, include layers
some of which include gold, some of which include tanta-
lum, some of which include nickel, and the like.
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[0049] The superlattice 100 and the first material layers
102 and the second material layers 104 have a thickness, a
length, and a depth. The first and second material layers 102
and 104 can have a length that is nanometer in scale up to
centimeter in scale. Depending on the eventual application
for the array, the wires or objects may need to be very short
(nanometer scale in length) or quite long (centimeter scale in
length). As will be discussed in greater detail below, the
eventual length of the wires or objects in the array can be
related to the length of the superlattice 100 and its first
material layers 102 and/or its second material layers 104.

[0050] FIG. 2 sets forth an example of the superlattice
100, here shown at a side, cross-sectional view, and having
a working surface 202. Here the superlattice 100 is altered
to create the working surface 202. This working surface 202
is substantially level (planar) at some portion, this level
portion being usable to aid in creating the wires of the
nanowire array (discussed below). The working surface 202
can be created in various ways, including by cutting and
polishing the superlattice 100.

[0051] The working surface 202 can be substantially par-
allel to a thickness of the first material layers 102 and the
second material layers 104 or otherwise. If the working
surface 202 is not substantially parallel to the material
layers’ 102 and 104 thickness, greater area of the material
layers 102 and 104 will be exposed. With a greater area of
the material layers 102 and 104 exposed, wires created with
the working surface 202 can be created thicker than if the
working surface 202 is substantially parallel to the thickness
of the first and second material layers 102 and 104. If the
working surface 202 is substantially parallel with the thick-
ness of the material layers, the working surface 202 is usable
to aid in creating wires, orienting nano-objects, and creating
spaces between wires or objects in the array that are about
the same as the thickness of the first and second material
layers 102 and 104.

[0052] FIG. 3 sets forth a three-dimensional view of an
example of the superlaftice 100 with the working surface
202. Here the working surface 202 is shown exposing
multiple areas, or edges, of the first and second material
layers 102 and 104. These edges are referenced as first
material edges 302 and second material edges 304. These
exposed edges 302 and 304 can be used to aid in creating
wires or collecting and orienting nano-objects of the array,
as will be discussed in greater detail below.

[0053] FIG. 4 sets forth a three-dimensional view of an
example of the superlaftice 100 with an example of the
working surface 202 and an exemplary electrical connection
surface 402. Here the superlattice 100 is altered to create the
electrical connection surface 402. The electrical connection
surface 402 does not need to be substantially level at some
portion, though connection to an electrical power sink can be
easier if it is substantially level or planar. The electrical
connection surface 402 can be created in various ways,
including by cutting and polishing the superlattice 100.

Exemplary Platform for Creating Nanowire and Nano-Ob-
ject Arrays

[0054] FIG. 5 illustrates one embodiment of a platform
500 usable to perform methods set forth below for creating
nanowire and nano-object arrays. The platform 500 includes
a computer/controller 502 and a process portion 504.
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[0055] The computer/controller 502 includes a central
processing unit (CPU) 506, a memory 508, input/output
(I/O) circuits 510, and support circuits 512. The CPU 506 is
a general purpose computer which, when programmed by
executing software contained in memory 508 (not shown),
becomes a directed-purpose computer for controlling the
hardware components of the processing portion 504. The
memory 508 may include read-only memory, random-access
memory, removable storage, a hard disk drive, or any form
of digital memory device. The 1/O circuits 510 comprise
well-known displays for the output of information and a
keyboard, a mouse, a track ball, or an input of information
that can allow for programming of the computer/controller
502 to determine the processes performed by the process
portion 504 (including the associated robot action included
in the process portion 504). The support circuits 512 may be
known in the art and include circuits such as cache, clocks,
power supplies, and the like.

[0056] The memory 508 contains control software that,
when executed by the CPU 506, enables the computer/
controller 502 to digitally control the various components of
the process portion 504. A detailed description of the process
that is implemented by the control software is described with
respect to FIGS. 6, 16, and 20.

[0057] In another embodiment, the computer/controller
502 can be analog. For instance, application-specific inte-
grated circuits capable of controlling processes such as those
that occur within the process portion 504 can be used.

[0058] The process portion 504 may include a variety of
process chambers 514 between which the substrate 106
and/or the superlattice 100 is translated, often using a robot
mechanism 516. The particulars of the processing varies
with different methods described below.

Exemplary Methods for Creating Nanowire Arrays

[0059] FIG. 6 shows an exemplary flow diagram of a
process 600 for electrochemically creating a nanowire array.
This and the following processes are illustrated as a series of
blocks representing operations or acts performed by the
platform 500. These processes may be implemented, how-
ever, in any suitable robotics, persons, hardware, software,
firmware, or combination thereof. In the case of software
and firmware, they represent sets of operations implemented
as computer-executable instructions stored in memory and
executable by one or more processors.

[0060] At block 602 the superlattice 100 is provided.

[0061] At block 604, the superlattice 100 is attached or
otherwise put in electrical communication with an electrical
power source or an electrical ground (sink).

[0062] FIG. 7 sets forth a three-dimensional view of an
example of the superlattice 100 with examples of the work-
ing surface 202 and the electrical connection surface 402,
the electrical connection surface 402 being in electrical
communication with an electrical power sink 702.

[0063] With the electrical connection surface 402 being
put in communication with the electrical power sink 702,
there can be a voltage difference between the first and
second material layers 102 and 104 at the working surface
202 and ions, conductive substrates, and other devices (not
yet shown). This voltage difference can be used to transfer
ions to or from the working surface 202 to create wires for
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a nanowire array or attract objects to build a nano-object
array. How this voltage difference can be used to facilitate
creation of an array will be discussed in greater detail below.

[0064] If material(s) of the first material layers 102 or the
second material layers 104 are non-conductors, and thus
non-conductive from the working surface 202 to the elec-
trical connection surface 402, the electrical connection sur-
face 402 is constructed such that each layer of the other
material layer (which is/are conductors) connects with the
electrical power sink 702. In this case, the electrical con-
nection surface 402 is prepared such that each conductive
layer of the conductive material layer is in electrical com-
munication with the electrical power sink 702. This can be
accomplished by cutting and polishing the electrical con-
nection surface 402 and then placing a conductive connec-
tion material 704 in contact with each of the conductive
layers at the electrical connection surface 402. It can be
accomplished in other ways as well, with the goal being that
each layer of the conductive material layer be in communi-
cation with an electrical power sink if that layer is intended
to be used to aid in creating a wire or orienting a nano-object
for the array.

[0065] Ifthe materials of both the first and second material
layers 102 and 104 are conductors, the electrical connection
surface 402 can be prepared without the conductive con-
nection material 704. In this case, the electrical power sink
702 can be connected directly to one or more of the layers,
or to a smaller amount of material that is connected directly
to one or more of the layers.

[0066] At block 606, if the materials in both of the first
material layers 102 and the second material layers 104 are
conductive, the platform 500 proceeds along the “No” path
to block 608. If yes, the platform 500 proceeds along the
“Yes” path to block 610.

[0067] At block 608, the platform 500 applies a low-
adhesion layer to the working surface 202. This low-adhe-
sion layer can be nano-scale in depth, or even less than one
nanometer in depth. The low-adhesion layer should be thin
enough and have properties such that it does not substan-
tially interfere with a conductive property of the first or
second material edges 302 or 304 that is conductive.

[0068] FIG. 8 sets forth a three-dimensional view of an
example of the superlattice 100 with examples of the work-
ing surface 202, the electrical connection surface 402, the
electrical power sink 702, and an exemplary low-adhesion
layer 802. In some implementations of the system and
method, the low-adhesion layer 802 is added to the super-
lattice’s 100 working surface 202. This low-adhesion layer
802 acts to allow wires that are created on the working
surface 202 to more easily be removed from the working
surface 202. The removal of these wires can be made easier
by addition of the low-adhesion layer 802 by lowering
adhesion between these wires (not shown in FIG. 8) and the
working surface 202.

[0069] The low-adhesion layer 802 can be of varying
adhesive force, from very low to moderately high adhesion.
Some of the adhesion layer 802 can come off with the wires
when the wires are removed from the working surface 202,
or substantially all of it can remain with the working surface
202. The low adhesion layer 802 helps to reduce incidence
of' wires sticking to the working surface 202, or being broken
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or otherwise damaged on removal by too high an adhesion
force between the wires and the working surface 202. It can
have varying strength of adhesion, such as an adhesion
strength to eventual wires created on the working surface
202 that is of a strength lower than the strength of an
eventual substrate to which the wires are transferred. To
reduce the amount of the low-adhesion layer sticking to the
wires, the low-adhesion layer can adhere to the working
surface 202 with greater force than to the wires.

[0070] In other implementations, the low-adhesion layer
802 is not used. These implementations will be discussed in
greater detail below.

[0071] At block 610, the platform 500 processes the
working surface 202 of the superlattice 100. This process
can include causing exposed edges of the first material
layers 102 or the second material layers 104 to be non-
conductive. It can also include preferentially exposing edges
of one of the first or second material layers 102 and 104.

[0072] In the case of causing certain exposed edges to be
non-conductive, the platform 500 can insulate certain layers
of the first and/or second material layers 102 and 104. The
platform can, for instance, oxidize or nitridize exposed
edges of certain layers to insulate them.

[0073] In one implementation, for instance, the edges of
the second material layers 104 are insulated at block 610
while the first material layers 102 are not. This can be
performed by oxidizing the second material edges 304 (see
FIG. 3). In one implementation, the platform 500 exposes
the working surface 202, and thus the first material edges
302 and the second material edges 304, to an oxygen
atmosphere. In this implementation, the first material edges
302 do not oxidize as quickly as the second material layers
304. Because of this, the second material layers 304 can be
oxidized sufficiently to become non-conductive prior to the
first material edges 302 becoming non-conductive.

[0074] In another implementation, edges of one of the first
and second material layers 102 and 104 are insulated
through nitridation. In this implementation, the platform 500
exposes the working surface 202 (along with the first and
second edges 302 and 304) to a nitrogen atmosphere under
proper conditions of pressure, temperature, plasma, and/or
catalyst, etc. Here, one of the first and second material edges
302 and 304 are nitrided sufficiently to be non-conductive at
the working surface 202. The material edge that is to remain
conductive has a nitridation rate that is lower than the
material edge to be made non-conductive.

[0075] FIG. 9 sets forth a side, cross-sectional view of
examples of the superlattice 100 and the working surface
202 after the second material edges 304 have been altered.
In this depiction, the material of the second material layers
104 is conductive, but has been treated such that it is no
longer conductive at the working surface 202. As described
above, the second material edges 304 (or the first material
edges 302, depending on the implementation), can be made
non-conductive by being subjected to a nitrogen or oxygen
atmosphere.

[0076] In one implementation, the material of the second
material layers 104 is aluminum and the material of the first
material layers 102 is gold. With these being the two
materials, subjecting the working surface 202 to an oxygen
atmosphere will cause the first material edges 302 to be
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substantially unchanged, while the second material edges
304 will change from aluminum (a conductor, shown at
reference 104) to aluminum oxide (a non-conductor, shown
at reference 902). After a sufficient depth of change from
aluminum to aluminum oxide has been reached, the second
material edges 304 will be effectively non-conductive.

[0077] In some cases, however, a certain small amount of
alteration to the first material edges 302 is desired. In this
implementation, a small amount of alteration to the first
material edges 302 can cause wires created on the first
material edges 302 to not adhere as strongly as if there was
no alteration.

[0078] FIG. 10 sets forth a side, cross-sectional view of
examples of the superlattice 100 and the working surface
202 after the first and second material edges 302 and 304
have been altered. In this depiction, the material of the
second material layers 104 is conductive, but has been
treated such that it is no longer conductive at the working
surface 202. The material of the first material layers 102 is
also conductive, and has been treated at the working surface
202, but not enough to be non-conductive.

[0079] In one implementation, the material of the second
material layers 104 is aluminum and the material of the first
material layers 102 is tantalum. With these being the two
materials, subjecting the working surface 202 to an oxygen
atmosphere will cause the first material edges 302 to be
changed to a small depth (compared to the depth of the
second material edges 304), while the second material edges
304 will change to a comparatively large depth. The alumi-
num will change to aluminum oxide (shown at the reference
902 of FIG. 10). The tantalum will change to tantalum oxide
(a non-conductor, shown at reference 1002). After a suffi-
cient depth of change from aluminum to aluminum oxide
has been reached, the second material edges 304 will be
effectively non-conductive. The first material edges 302 can
remain conductive but with desirable properties, such as
lower adherence to one or more materials used to create
wires for the nanowire array. The first material edges here
can also be chemically etched in a solution that does not
substantially etch the first material edges.

[0080] Also as part of block 610, the platform 500 can
preferentially erode edges of one of the first or second
material layers 102 and 104. This preferential erosion can
offset the first or second material layers 102 or 104 from the
working surface 202. In one implementation, preferentially
eroding edges includes etching away whichever of the first
or second material layers 102 and 104 is a conductor.
Etching the conductive material (in this example, assume
that the first material layers 102 are conductive and the
second material layers 104 are non-conductive) can be
performed to a certain depth. This depth can affect the
eventual depth (or height) of wires of the nanowire array.
This depth can also affect collection of nano-objects.

[0081] FIG. 11 sets forth a three-dimensional view of
examples of the superlattice 100 and the working surface
202 after the first material edges 302 have been eroded. In
this depiction, the material of the first material layers 102 is
conductive, but has been etched away to offset the first
material edges 302 from the working surface 202. As shown
in the working surface 202 of FIG. 11, this offsetting can
produce furrows (or “troughs™). By so doing, the second
material edges 304 form ridges relative to the troughs in the
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first material edges 302. As is apparent from FIG. 11, this
offsetting of the second material layers 302 causes the
working surface 202 to be corrugated. This corrugation can
also appear, when viewed parallel to the length, to have a
stepped-square, a saw-tooth, or a sine-wave appearance.

[0082] To preferentially etch, or erode, one material more
than the other, the material of the first or second material
layer 102 or 104 that is to be etched has a higher etch rate
with respect to the etchant used.

[0083] This furrow can be useful in creating wires that are
about the depth of the furrows. The furrows also have other
benefits, such as protecting the wires from damage and
creating a desirable wire cross-section. This cross section
can be rounded on one side and approximately flat on
another side. As this other side is later applied to a substrate,
this flatness can be an advantage in fixing the wires to the
substrate.

[0084] In one implementation, the corrugated working
surface 202 of FIG. 11 is treated with a low-adhesion layer
(not shown).

[0085] At block 612, in one implementation the platform
500 proceeds along the “Insulate Only” path to block 608 if
part of the working surface 202 was insulated and not
etched. If it was insulated and etched or otherwise prefer-
entially exposed, the platform 500 proceeds along the “Etch
and Insulate” path to block 614. The platform 500 can,
however, in some implementations, proceed to block 608
after etching and insulating, prior to proceeding to block
614, to apply a low-adhesion layer to the etched and
insulated working surface 202.

[0086] At block 614 the platform 500 exposes edges of the
conductive material layers to ions. As part of this block 614,
the platform 500 exposes the working surface 202 to ions.
Those edges (either the first material edges 302 or the second
material edges 304) that are conductive at the working
surface 202 can attract ions. Over a period of time, collection
of ions on a conductive edge will build a wire.

[0087] To attract the ions to the conductive edges, the
conductive edges are at a different electrical potential or
charge than the ions. This can be accomplished in various
ways, including by putting the edges in electrical commu-
nication with the electrical power sink 702. In the embodi-
ment set forth above, the electrical connection surface 402
is put in electrical communication with the electrical power
sink 702. In this example, the communication is established
between the electrical connection surface 402 and the work-
ing surface 202, by one or both of the first and second
material layers 102 and 104 being conductive. If both layers
are conductive except that one is not conductive at the
working surface 202, these conductive layers provide elec-
trical communication to the edges that are conductive at the
working surface, even though not every layer is conductive
at the working surface. By so doing, the first material edges
302 or the second material edges 304 (whichever is con-
ductive at the working surface 202), can attract the ions to
build wires for the nanowire array.

[0088] In one implementation, the platform 500 exposes
the working surface 202 to ions by placing the working
surface 202 in an ion bath. The ions in the bath can be gold,
tantalum, aluminum, or nickel ions, to name a few. The
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material of the first material edges 302 can also be gold,
tantalum, aluminum, or nickel ions, to name a few.

[0089] In another implementation, the platform 500 places
the working surface 202 in an ion bath of nickel ions, which
have a positive charge. In this implementation, the first
material edges 302 are made up of tantalum and the second
material edges 304 are made up of aluminum oxide. The
material of the second material layers 104 is aluminum, but
the second material edges 304 have been oxidized. In this
example, wires having a nano-scale depth that are made of
nickel will form at the first material edges 302 if the first
material edges 302 are at a sufficiently negative potential
compared with the nickel ions. Continuing this example, the
first material edges 302 are at an electric potential that is
lower than that of the nickel ions. This lower electric
potential provided by electrical communication from the
first material edges 302 through the first material layers 102
and the electrical connection surface 402 to the electrical
power sink 702. Also in this example, the bath of nickel ions
(not shown) is connected to an electrical power source (not
shown), that keeps and/or causes them to remain positively
charged.

[0090] At block 616, the platform 500 electrochemically
deposits ions on the edges of the conductive layers. As
shown above, the first or second material edges 302 or 304
that are conductive at the working surface 202 will attract
ions if the edges are at an appropriate electrical potential
compared to the ions. The platform 500 continues to deposit
ions on the edges until wires of an appropriate thickness and
depth are created. This thickness can be nanometer in scale
or more. In one implementation, this thickness is about the
same as the depth of the wires. In another implementation,
this thickness is less than the depth of the wires, giving the
wires a smaller thickness than depth. In still another imple-
mentation, this thickness is greater than the depth of the
wires.

[0091] FIGS. 12 and 13 show wires built up on an example
of the working surface 202.

[0092] Specifically, FIG. 12 sets forth a three-dimensional
view of an example of the superlattice 100 with examples of
the working surface 202, the electrical connection surface
402, the electrical power sink 702, and the low-adhesion
layer 802, with exemplary wires 1202 on the working
surface 202. Here the wires 1202 are built over the conduc-
tive edges (here the first material edges 302) and on top of
the low-adhesion layer 802.

[0093] Specifically, FIG. 13 sets forth a three-dimensional
view of an example of the superlaftice 100 with examples of
the working surface 202 having a corrugated cross-section,
the electrical connection surface 402, the electrical power
sink 702, and the wires 1202. Here the wires 1202 are built
up within the corrugations caused by eroding the first
material layers 102 at the working surface 202.

[0094] In yet another implementation of block 616, the
platform 500 places the working surface 202 in a bath with
other charged objects, which include but are not limited to:
ionized inorganic molecules, ionized organic molecules,
ionized biological molecules, ionized polymers, charged
metal, semiconductor or insulating nanoparticles, metal,
dielectric, or semiconductor nano-tubes, and chemical clus-
ters or complexes of the above. In this implementation, the
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electric field induced by the working surface 202 will result
in electro-phoretic deposition of the objects on the conduc-
tive edges of the working surface 202. This method makes
it possible to form semiconductor, ceramic, organic, poly-
meric and other types of nanowires.

[0095] In still another implementation of block 616, the
electric field generated by the working surface 202 induces
a chemical reaction between dissolved chemicals and water
(in a bath in which the working surface 202 is placed), on the
conductive edges of the working surface 202. This results in
electrolytic deposition of the reaction products on the con-
ductive edges, forming nanowires.

[0096] At block 618, the platform 500 provides an array
substrate. This array substrate acts to hold the wires formed
on the working surface 202.

[0097] FIG. 14 sets forth examples of the superlattice 100,
the working surface 202, the low-adhesion layer 802, the
wires 1202, and an exemplary array substrate 1400. The
array substrate 1400 includes a high-adhesion layer 1402.
This high-adhesion layer 1402 facilitates transfer of the
wires 1202 from the superlattice 100 to the array substrate
1400. The high-adhesion layer 1402 acts with an adhesion
force greater than the adhesion force between the wires 1202
and the working surface 202. If there is a low-adhesion layer
802 between the wires 1202 and the working surface 202,
the high-adhesion layer 1402 may be of an adhesion force
that is only moderate or moderately low, but that is greater
than the adhesion force of the low-adhesion layer 802 on the
wires 1202.

[0098] At block 620, the platform 500 contacts the wires
1202 to the array substrate 1400. By so doing, the wires
1202 are transferred from the superlattice 100 to the array
substrate 1400.

[0099] FIG. 14 shows the array substrate 1400 and the
superlattice 100 prior to being placed in physical contact.
After the platform 500 touches the wires 1202 to the
high-adhesion layer 1402 of the array substrate 1400, the
wires 1202 are transferred to the array substrate 1400.

[0100] At block 622, the platform 500 removes the super-
lattice 100 from the array substrate 1400, leaving the wires
1202 on the array substrate 1400.

[0101] FIG. 15 sets forth an example of the array substrate
1400 and the wires 1202 after the wires 1202 are transferred.
Here the array substrate 1400 includes an exemplary array
1502 of the wires 1202.

[0102] FIG. 16 shows an exemplary flow diagram of a
process 1600 for electrochemically creating a nanowire
array. This process 1600 sets forth an exemplary method for
creating a nanowire array, here using electrochemical dis-
solution and electroplating to transfer material from the
superlattice 100 to a substrate.

[0103] In another implementation (not shown), material is
transferred from the substrate to the superlattice. In this
other implementation, the substrate has a thin conductive
film and the superlattice is used electrochemically to etch the
substrate’s thin conductive film into an array of nanowires.
Thus, material from the substrate’s thin conductive film that
remains after the etching is a nanowire array.

[0104] At block 1602, the platform 500 provides the
superlattice 100. This can be performed with one of the
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exemplary superlattices 100 set forth above. In one imple-
mentation, the platform 500 provides the superlattice 100
shown in FIG. 4, which has the working surface 202 and the
electrical connection surface 402.

[0105] At block 1604, the electrical power sink 702 is
attached to the electrical connection surface 402. The elec-
trical power sink 702 can be a source or ground/sink.

[0106] At block 1606, the platform 500 erodes one of the
first or second material layers 102 or 104 at the working
surface 202. This erosion can be performed by etching or in
other manners, similar to as set forth in the above description
concerning exposing, erosion, and/or etching.

[0107] Inoneimplementation, the platform 500 etches the
second material layers 104 at the working surface 202. This
creates a corrugated working surface 202, with the first
material edges 302 protruding beyond that of the second
material layers 304.

[0108] FIG. 17 sets forth a three-dimensional view of
examples of the superlattice 100 and the working surface
202 after the second material edges 304 have been eroded.
In this depiction, the material of the first material layers 102
is conductive, but has been exposed beyond that of the
second material layers 104 by the second material layers 104
being etched away to produce furrows in the second material
layers 104. This preferentially exposes the conductive mate-
rial of the first material layers 102 at the working surface
202. As is apparent from FIG. 17, this etching causes the
working surface 202 to be corrugated and the first material
edges 302 to extend beyond the second material edges 304.

[0109] At block 1608 the platform provides a conductive
receiving substrate. This conductive receiving substrate is
usable to transfer material from layers of the first material
layers 102 or the second material layers 104. Material can be
transferred in small quantities, but sufficient to create nano-
scale wires of sufficient depth from the edges of the first
and/or second material edges 302 and 304.

[0110] At block 1610, the platform 500 dissolves conduc-
tive material from one or more edges of the material layers
to deposit the conductive material on the conductive receiv-
ing substrate. This can be performed in various manners,
including by electrochemical deposition from exposed edges
of the layers to the conductive receiving substrate.

[0111] In one implementation, shown in part in FIG. 18,
material from the first material edges 302 is transferred to
create wires on the conductive receiving substrate. To facili-
tate this transfer of material, the first material edges 302 and
the conductive receiving substrate are at different electric
potentials.

[0112] FIG. 18 sets forth a side, cross-sectional view of
examples of the superlattice 100, the working surface 202,
the electrical connection surface 402, and the electrical
power sink 702, with working surface 202 having the first
material edges 302 extending beyond the second material
edges 304. FIG. 18 also sets forth an exemplary conductive
receiving substrate 1802 in electrical communication with
an electrical power source 1804. In this implementation, the
conductive receiving substrate 1802 includes an insulating
layer 1806 on which the wires 1202 are built.

[0113] The platform 500 can facilitate transfer of material
from the first material edges 302 to the conductive receiving
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substrate 1802 by placing the exposed edges (here the first
material edges 302) very close to the conductive receiving
substrate 1802. In one implementation, the platform 500
places these within nanometers of each other. In another,
within tens of nanometers of each other. The proximity
affects the fineness of the deposited lines.

[0114] Also to facilitate transfer of material, the platform
500 can place the conductive receiving substrate 1802 and
the first material edges 302 within an electrolyte capable of
carrying ions of materials present at the first material edges
302.

[0115] Inthe ongoing example set forth in part in FIG. 18,
the platform 500 places the first material edges 302 and the
conductive receiving substrate 1802 within an electrolyte
capable of dissolving the materials at the first material edges
302. In one example, the material in the first material edges
302 is nickel. In this example, the nickel is dissolved by the
electrolyte to become nickel ions. These nickel ions are
charged particles and are attracted to the conductive receiv-
ing substrate 1802. The nickel ions then, over time, build up
on the layer 1806 of the conductive receiving substrate 1802,
forming the wires 1202 of nickel. After a desired thickness
and depth of the wires 1202 is achieved, the platform 500
removes the conductive receiving substrate 1802 from the
working surface 202 of the superlattice 100.

[0116] The materials in the exposed first material edges
302 can include multiple materials. In one implementation,
illustrated in part in FIG. 19, the first material edges 302
include four different materials.

[0117] FIG. 19 sets forth a side, cross-sectional view of
examples of the superlattice 100, the working surface 202,
the electrical connection surface 402, and the electrical
power sink 702, and working surface 202 having the first
material edges 302 extending beyond the second material
edges 304 and including multiple materials. FIG. 19 also
sets forth an example of the conductive receiving substrate
1802 in electrical communication with the electrical power
source 1804. In this implementation, the conductive receiv-
ing substrate 1802 includes the insulating layer 1804 on
which the wires 1202 are built.

[0118] In this implementation, the platform 500 places the
first material edges 302 within an electrolyte capable of
dissolving each of the four materials. These materials can
include, for example, alternating layers of the first material
layers 102 of tantalum, nickel, aluminum, and gold. The
platform 500 then proceeds as above.

[0119] If, however, a particular spacing is needed, an
electrolyte incapable of sufficiently dissolving one or more
of the four materials can be used, thereby creating wires in
an array that have larger spaces between certain wires.

[0120] Nanowire arrays fabricated with the methods
described herein can also be used for further processing and
fabrication of other types of nanowires. In one implemen-
tation, nanowires are fabricated on top of a thin metal or
semiconductor film. Then these nanowires are used as a hard
mask to etch away the material of the film, thereby creating
another set of nanowires made of the material of the film.

Exemplary Methods for Creating a Nano-Object Array

[0121] FIG. 20 shows an exemplary flow diagram for a
process 2000 for creating a nano-object array. Nano-objects
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can function as conductors, insulators, semiconductors, and
structural bodies, making the array useful in many different
applications.

[0122] Nano-objects are three-dimensional, substantially
straight physical objects with two dimensions between 0.7
and 100 nanometers and a third dimension between 100
nanometers and ten centimeters. Thus, nano-objects are
long, thin objects. Nano-objects can include many different
materials and structural arrangements of materials.

[0123] At block 2002 the platform 500 provides a corru-
gated surface. This corrugated surface includes troughs and
ridges making up the corrugation of the surface. The troughs
and ridges can be of varying thicknesses, with the troughs’
thickness being nanometer in scale (between 0.7 and one
hundred nanometers) and the ridges being from nanometer
to meso-meter or macro-meter in scale. The length of the
troughs and ridges can be from about 100 nanometers to
centimeter in scale, with the length dimension being sub-
stantially larger than the thickness dimension.

[0124] Various implementations of the superlattice 100
will be used to aid in the discussion of the process described
below. These implementations of the superlattice 100 are
examples of a structure having a corrugate surface that is
usable in the below-discussed process. Other structures,
surfaces, and superlattices can be used; these exemplary
corrugated surfaces and superlattices are not intended to be
limiting on the scope of the below-described process, but
instead are intended to aid the reader in understanding this
process.

[0125] In one implementation of the block 2002, the
corrugated surface provided includes any example of the
superlattice 100 having corrugations and created or men-
tioned as part of the process 600. Thus, the block 2002 can
include implementations of the blocks 602 to 612 of the
process 600 that results in a corrugated surface.

[0126] FIG. 21 sets forth a three-dimensional view of an
example of the superlattice 100 with a corrugated example
of the working surface 202. This example of the superlattice
100 has the electrical connection surface 402, the electrical
connection surface 402 being in electrical communication
with the electrical power sink 702.

[0127] Also in this exemplary superlattice 100, the mate-
rial of the first material layers 102 is conductive, but is offset
from the working surface 202 to produce troughs 2102 in the
first material layers 102. This exposes the second material
layers 104 as ridges 2104 in the working surface 202. These
troughs 2102 will be used by the platform 500 to orient
and/or collect nano-objects, described below.

[0128] The corrugated working surface 202 shown in FIG.
21 can include a semi-circular cross-section for the troughs
2102 (shown) and plateau cross-sections for the ridges 2104
(shown), but can also include cross-sections that appear,
when viewed parallel to the length, to have a stepped-square,
a saw-tooth, a sine-wave, or a shallow-notch appearance.

[0129] In one implementation, the troughs 2102 are an
offset example of the first material edges 302 and the ridges
2104 are a corresponding example of the second material
edges 304.

[0130] At block 2004, the platform 500 provides nano-
objects. These nano-objects can be made up of many dif-
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ferent kinds of materials, such as inorganic molecules,
organic molecules, biological molecules, metal, semicon-
ductor, or insulating nano-particles. They can also have
various kinds of shapes and structures. They can include, for
instance, single- and multi-wall carbon nanotubes of various
chiralities; boron-nitride nanotubes; molybdenum disulfide
nano-tubes; bundles and ropes of nanotubes; solid or hollow
nanowires made of metals, semiconductors, conductive
oxides, conductive polymers, or other conductive materials;
insulating nano-rods; and conductive or insulating nano-
needles.

[0131] These nano-objects have a length, a thickness, and
a depth but are substantially longer than they are thick or
deep.

[0132] In one implementation, the thickness and depth of
the nano-objects is less than the thickness of the troughs
2102 so that the nano-objects can be collected within the
troughs 2102.

[0133] These nano-objects can be substantially straight or
less straight but flexible enough to conform to the troughs
2102.

[0134] In one implementation, the nano-objects are nano-
tube complexes. These complexes are moderately straight
(have some curves), flexible, and have a hollow cross-
section. The nano-tubes can comprise a polymer, including
those with carbon, such as polyvinyl pyrrolidone and poly-
styrene sulfonate, or otherwise. The nano-tubes can also
comprise non-carbon compounds, such as boron-nitride or
molybdenum disulfide.

[0135] In one implementation of block 2004, the platform
500 provides charged nano-objects by ionizing them within
a bath. Having the nano-objects charged can aid in orienting
with and/or collecting them in the troughs 2102, discussed
below.

[0136] FIG. 22 sets forth a three-dimensional view of an
example of the superlattice 100 with a corrugated example
of the working surface 202 having the troughs 2102, the
ridges 2104, and being in electrical connection via the
connection surface 402 and the conductive connection mate-
rial 704 with the electrical power sink 702.

[0137] FIG. 22 also sets forth a bath 2200, having charged
examples of nano-objects 2202, and the electrical power
source 1804.

[0138] At block 2006, the platform 500 exposes the cor-
rugated surface to the nano-objects.

[0139] In one implementation, the platform 500 exposes
the working surface 202 (and thus the troughs 2102 and the
ridges 2104) of the superlattice 100 to the charged nano-
objects 2202 by placing the working surface 202 within the
bath 2200 containing the charged nano-objects 2202.

[0140] At block 2008, the platform orients with and/or
collects nano-objects in the troughs 2102 of the working
surface 202.

[0141] In an example of the above implementation, the
platform 500 exposes the working surface 202 to the charged
nano-objects 2202 and charges the troughs 2102 at the
working surface 202 to attract the charged nano-objects

Jan. 25, 2007

2202. Over a period of time, collection of the charged
nano-objects 2202 can build an array of the nano-objects
2202.

[0142] 1In a related implementation of blocks 2004, 2006,
and 2008, the platform 500 provides the charged nano-
objects 2202 by ionizing them within the bath 2200, exposes
the working surface 202 of the superlattice 100 by placing
it within the bath 2200, and then collects the charged
nano-objects 2202 in the troughs 2102 of the working
surface 202 to create an array.

[0143] In greater detail, this implementation, with regard
to block 2008, electro-phoretically collects the charged
nano-objects 2202 to build an array by attracting ions of
nano-objects to conductive offset edges/troughs of a corru-
gated surface. To do so, the platform 500 can create an
electrical potential at the troughs 2102 relative to the
charged nano-objects 2202. This can be accomplished in
various ways, including by putting the troughs 2102 in
electrical communication with the electrical power sink 702.
In the embodiment set forth above and described in part in
FIG. 22, the electrical connection surface 402 is put in
electrical communication with the electrical power sink 702.
In this example, the communication is established between
the electrical connection surface 402 and the working sur-
face 202, by the troughs 2102 being conductive (through the
first material layers 102 being conductive). If the second
material layers 104 are also conductive, they are not sub-
stantially conductive at the working surface 202 or at the
exposed parts of the ridges 2104, so that the charged
nano-objects 2202 are collected in and/or oriented with the
troughs 2102. The ridges 2104 can be made non-conductive
in the various ways set forth above. Also in this example, the
bath 2200 is connected to the electrical power source 1804
to keep and/or cause the nano-objects 2202 to remain
charged.

[0144] In another implementation of blocks 2004, 2006,
and 2008, the platform 500 provides the charged nano-
objects 2202 by charging a solution containing nano-objects
and interfering ions. The interfering ions are spatially dis-
tributed to the troughs 2102. These interfering ions can
restrict a size of a spatial region within which an electric
field is non-zero near the troughs 2102. The size of the
spatial region within which the electric field is non-zero can
be calculated by its Debye length, which is:

£oukT
Ip= \ 12 : 2
lgl*> iz

Here &,=8.85-107*2 F/m is the permittivity of free space, &,
is the relative permittivity of the liquid solvent without ions,
lg/=1.6-10""? C is the elementary charge, k=1.38-107>* I/K is
the Boltzmann constant, T is the absolute temperature (room
temperature is about T=298K), and n, is the equilibrium
volume concentration of ions with valence z. Thus, the
Debye length is a function of pH of the solution, ionic
strength, and ionic charge. As an example, in case of
mono-valence acidic solution with pH=5.5 the Debye
length, L, is about 200 nanometers. The platform 500 can
control pH to restrict the size of the spatial region within
which the electric field is non-zero.
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[0145] The nano-objects that contact the restricted spatial
region within which the electric field is non-zero are then
polarized if the nano-objects are at least partially conductive.
Once polarized, the nano-objects can be attracted to and
collected in and/or oriented with the troughs 2102. This way
to restrict the size of the electric field can reduce a number
of partially collected and oriented nano-objects. It can also
increase how many of the nano-objects (such as the charged
nano-objects 2202) are collected within the troughs 2102.

[0146] Also, a small alternating current signal may be
applied to the bath whenever the nano-objects are charged or
polarized. This small signal creates an additional, oscillating
force on the charged nano-objects 2202 (such as the polar-
ized nano-objects near the troughs 2102). This oscillating
force can enable the nano-objects that are near, but not fully
collected within the troughs 2102, to settle into the troughs
2102. Certain of the polarized nano-objects, for instance,
may be partially outside of the troughs 2102, may be lying
partly on the ridges 2104, or the like. These states are only
meta-stable; the oscillating force can enable these certain
nano-objects to settle into a more stable position within the
troughs 2102.

[0147] As part of the block 2004 and/or 2008, the bath
2200 can be created or maintained to optimize the behavior
of the nano-objects 2202. The behavior of the nano-objects
2202 can be optimized by adjusting the temperature, geom-
etry of the bath, flow, ionic strength, and pH of the bath
2200.

[0148] An ionic strength and pH of the bath 2200 affects
the ionization of the nano-objects 2202 in a water solvent.
Thus, a lower pH is more acidic, and can cause certain types
of nano-objects 2202 to be correspondingly charged. A pH
of the bath 2200 can be between zero and fourteen, such as
between three and ten.

[0149] The temperature of the bath 2200 can be adjusted,
based on the type of solute (e.g., the nano-objects 2202) and
solvent within the bath 2200. For a solution of water and
nano-objects of carbon polymer nano-tube complexes, for
instance, a temperature of fifteen to thirty degrees Celsius
can be used. For a solution having a solvent of alcohols or
molten salts, however, temperatures from about minus forty
degrees Celsius to about 150 degrees Celsius can be used.

[0150] The geometry (and corresponding flow) of the bath
2200 can be adjusted to aid in orienting the long dimension
(the length) of the nano-objects 2202 with the length dimen-
sion of the troughs 2102 and the ridges 2104 of the working
surface 202.

[0151] FIG. 23 shows a directed flow bath 2300, which is
an example of the bath 2200. The directed bath 2300 has a
channel 2302 flowing in a direction 2304. The channel 2302
has an approach region 2306, a collection region 2308, and
an exit region 2310. The superlattice 100 resides within a
bath platform 2312, thereby exposing the working surface
202 in the collection region 2308. Above the working
surface 202 is a shelf 2314 that directs, in conjunction with
the bath platform 2312, the flow within the channel 2302.
This shelf 2314 and the directed bath 2300 allow a flow
having a particular width (along the thickness dimension),
referenced with 2316. The shelf 2314 can include the
electrical power source 1804 near to the working surface
202 but separated by the flow of solution (not shown). The
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electrical power source 1804 can also be placed within the
solution and near to the working surface 202. The working
surface 202 is shown in electrical communication with the
power sink 702.

[0152] A distance between the shelf 2314 and the working
surface 202 can affect how easily the nano-objects 2202 are
oriented and collected in the troughs 2102. By limiting this
distance (the height of the collection region 2308) the
physical characteristics of the flow of the fluid in the bath
2300 can orient the long, thin nano-objects 2202 parallel
with the direction 2304 of the flow in the channel 2302. This
orienting can make easier further orienting and collection of
the nano-objects 2202 in or with the troughs 2102.

[0153] In one implementation of the directed bath 2300,
the height of the channel 2302 at the collection region 2308
(a distance between the shelf 2314 and the working surface
202) is between about 0.1 to about one millimeter. In another
implementation, the distance in region 2308 is between
about one micron to about ten centimeters.

[0154] The bath and shelf width 2316 can be adjusted
based on the fluid characteristics of the directed bath 2300.
If the width 2316 is too low, the nano-objects 2202 may not
orient as easily with the troughs 2102, especially at the
troughs 2102 residing far from a center of the working
surface 202.

[0155] In one implementation of the directed bath 2300,
the bath and shelf width 2316 is between one and 100 times
the thickness of the working surface 202. FIG. 23 shows the
width 2316 being slightly wider than the working surface
202. In another implementation, the width 2316 is two to
five times wider than the thickness of the working surface
202.

[0156] A velocity or rate of flow (“flow rate”) of the
solution (which contains the nano-objects 2202) can also be
adjusted to optimize orientation and collection of the nano-
objects 2202 with or in the troughs 2102 of the working
surface 202. The flow rate should be such that laminar flow
occurs in the collection region 2308 during orientation and
collection of the nano-objects.

[0157] In one implementation, the flow rate is adjusted to
keep a Reynolds number below thirty to prevent turbulent
flow. The Reynolds number is a dimensionless fluid param-
eter, roughly equal to a ratio of inertial and viscous forces in
a fluid. When a Reynolds number is below thirty, a fluid has
no turbulent (only laminar) flow. When a Reynolds number
is above thirty, a fluid has some turbulent flow. The Rey-
nolds number (“Re”) can be determined by finding the
characteristic dimension of the channel 2302 (here at the
collection region 2308), called “D”, the velocity of the
solution at the collection region 2308, called “V”, the
density of the solution, called “p”, and the viscosity of the
solution, called “n”. Specifically,

[0158] With this information Re is determinable. D is
determinable, primarily based on the distance between the
working surface 202 and the shelf 2314. The velocity, V, is
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adjustable and determinable in manners well known in the
art of fluid mechanics. The density of solution and its
viscosity can also be adjusted, including by using known
additives.

[0159] In laminar flow, the fluid velocity profile is not
uniform across the channel 2302. Instead, the velocity of the
solution is lower near walls (such as the floor of the
collection region 2308) and higher in the center. Because of
this, a long, thin nano-object in the solution experiences a
stronger drag on its end closer to the center of the channel
2302 than the collection region 2308, causing the nano-
object to align along the direction 2304 of the flow path.
When the troughs 2102 and the ridges 2104 of the working
surface 202 are aligned with the direction 2304 of the flow
path, the nano-objects align (e.g., orient) with the troughs
2102 and the ridges 2104. To further aid in this alignment,
trenches running parallel to the troughs 2102 and the ridges
2104 can be added to the approach region 2306 and the
collection region 2308.

[0160] As part of the block 2002, 2004, and/or 2008, the
voltage difference/potential of the bath 2200 (or the directed
bath 2300) can be adjusted through the power sink 702 and
the electrical power source 1804 to affect the behavior of the
nano-objects 2202. The voltage difference used is dependent
on a decomposition potential of the solution. The voltage
difference should not exceed this decomposition potential.
Other factors include an affect on the nano-objects 2202;
some materials and structures of the nano-objects 2202 are
more sensitive to voltage differences than others.

[0161] In one implementation, when using water as the
solvent for the solution in the bath 2200, the voltage
difference is between about one and ten volts.

[0162] In another implementation, the voltage difference
between the power sink 702 and the power source 1804 is
between 0.001 and 100 volts, with the voltage chosen based
on the materials and structure of the nano-objects 2202 and
the solvent used in the bath 2200.

[0163] In this implementation of block 2008, the platform
500 electro-phoretically deposits nano-objects 2202 in the
troughs 2102 of the first materials layers 102 at the working
surface 202. As shown above, the troughs 2102 that are
conductive at the working surface 202 will attract nano-
objects 2202 if the troughs 2102 are at an appropriate
electrical potential compared to the nano-objects 2202. The
platform 500 continues to deposit nano-objects 2202 on the
edges until an array of the nano-objects 2202 is created.

[0164] FIG. 24 shows an array 2402 of nano-objects 2404.
The nano-objects 2404 are oriented with and collected
within the troughs 2102 of the example of the superlattice
100.

[0165] Specifically, FIG. 24 sets forth a three-dimensional
view of an example of the superlattice 100 with examples of
the working surface 202 having a corrugated cross-section
with the troughs 2102 and the ridges 2104, the electrical
connection surface 402, the electrical power sink 702, and
the nano-objects 2404.

[0166] At block 2010, the platform 500 removes un-
oriented and/or uncollected nano-objects from the working
surface 202, if needed. In some implementations of block
2008, some of the nano-objects are not fully oriented or
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collected within the troughs 2102 of the working surface
202. In this case the platform 500 removes these un-arrayed
nano-objects.

[0167] In other cases, some of the nano-objects are un-
oriented and/or uncollected and some of the troughs 2102
are not fully filled with the nano-objects. In these cases the
platform 500 can remove the un-oriented and/or uncollected
nano-objects and then return to block 2008 to collect and/or
orient additional nano-objects.

[0168] FIG. 25 shows the array 2402 of the nano-objects
2404 and un-arrayed nano-objects 2502. The un-arrayed
nano-objects 2502 are not oriented with and not fully
collected within the troughs 2102 of the example of the
superlattice 100.

[0169] In one implementation of block 2010, in cases
where the nano-objects are laminarly flowed along the
troughs 2102, the platform 500 introduces turbulent flow
outside of the troughs 2102 to remove the un-arrayed
nano-objects 2502 that are not collected within the troughs
2102. Turbulence in the flow introduces mixing, which
facilitates removal of nano-objects not within the troughs
2102. Turbulence can be introduced by adding gas bubbles
into the flow. Turbulence can also be introduced by
increased the fluid viscosity or the velocity of the fluid in the
flow. Because turbulence is dependent on the geometry of
the troughs 2102, the flow can be made turbulent outside of
the troughs 2102 but not in the troughs 2102.

[0170] In another implementation of block 2010, the plat-
form 500 agitates the un-arrayed nano-objects 2502. The
platform 500 can “shake off” the un-arrayed nano-objects
2502 using ultrasonic energy, for instance.

[0171] At block 2012, the platform 500 provides an array
substrate. This array substrate is used to hold the array 2402.

[0172] FIG. 26 sets forth examples of the superlattice 100,
the working surface 202, the array 2402, and the array
substrate 1400 (also shown in FIG. 14).

[0173] In one implementation, the array substrate 1400
includes an example of the high-adhesion layer 1402. This
example of the high-adhesion layer 1402 facilitates transfer
of the nano-objects 2404 of the array 2402 from the super-
lattice 100 to the array substrate 1400. The high-adhesion
layer 1402 acts with an adhesion force greater than the
adhesion force between the nano-objects 2404 and the
troughs 2102.

[0174] At block 2014, the platform 500 places the corru-
gated surface (here the working surface 202 with the troughs
2102 and the ridges 2104) near on in contact with the array
substrate 1400.

[0175] FIG. 26 shows the array substrate 1400 and the
superlattice 100 prior to being placed near or in physical
contact.

[0176] In one implementation, the platform 500 touches
the array 2402 to the array substrate 1400. The array
substrate 1400 can include the high-adhesion layer 1402 or
otherwise.

[0177] Inanother implementation, the platform 500 places
the array substrate 1400 near to the troughs 2102 but not in
contact with the troughs 2102. In this implementation, the
platform 500 transfers the array 2402 from the troughs 2102
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to the array substrate 1400 by creating a voltage difference
between the array 2402 and the array substrate 1400. This
can be performed by creating a voltage difference between
the sink 702 and the array substrate 1400 (such as through
an electrical power source in communication with the array
substrate 1400, not shown).

[0178] In still another implementation, the platform 500
places the array substrate 1400 near to the troughs 2102. In
this implementation, the platform 500 transfers the array
2402 (or parts of the array 2402) from the troughs 2102 to
the array substrate 1400 using corona discharge. Corona
discharge is known in the art of laser printing for transferring
toner particles onto paper.

[0179] In this implementation (using corona discharge), a
dielectric surface carrying a uniform -electric charge
(charged by a corona discharge) is placed some distance
from the working surface 202. An insulating substrate (such
as an insulating example of the array substrate 1400) is
between the working surface 202 and the dielectric surface.
When the dielectric surface and the working surface 202 are
sufficiently close to each other (though separated by the
array substrate 1400), electrostatic pull on the array 2402
caused by the charge on the dielectric surface pulls the array
2402 to the substrate 1400. The dielectric surface can be
made smaller than the working surface 202 and the array
2402. In this case parts of the array 2402 can be pulled to the
substrate 1400. This allows for creation of arrays of nano-
objects smaller than and/or with various physical shapes not
present in the array 2402.

[0180] In each of these implementations of block 2014,
the platform 500 transfers the array 2402 (or parts thereof)
to the array substrate 1400.

[0181] At block 2016 the platform 500 removes the cor-
rugated surface to leave the array 2402 of the nano-objects
2404 on the array substrate 1400. In the ongoing example,
the platform 500 removes (or moves away) the working
surface 202 from the array substrate 1400, thereby leaving
the array 2402 on the array substrate 1400.

[0182] FIG. 27 sets forth an example of the array substrate
1400 and the array 2402 after the nano-objects 2404 are
transferred.

[0183] The platform 500 can repeat the above blocks
2012, 2014, and 2016 to create a new array that includes the
array 2402 and another array. The platform 500 can apply,
for instance, a second array of nano-objects or nano-wires to
the array 2402 on the array substrate 1400.

[0184] This second array can be created using the pro-
cesses 600, 1600, 2000, or otherwise.

[0185] The platform 500 can apply the second array to the
array 2402 in various ways to create the new array. The
platform 500 can, for instance, apply the second array next
to the array 2402, thereby creating a new array that is twice
as wide or long as the array 2402. By applying additional
arrays, a larger array that is a mosaic of these additional
arrays can be created.

[0186] In another implementation, the platform 500 can
apply the second array to the array 2402 substantially
perpendicular to the array 2402. By so doing, the platform
500 can create a cross-hatch of the array 2402 and the
second array.
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[0187] FIG. 28 sets forth an example of the array substrate
1400, the array 2402, a second array 2802, and the cross-
hatch array 2804. This implementation shows application of
the second array 2802 on the array 2402. The array 2402 and
the second array 2802 can include similar or completely
different materials. For instance, the second array 2802 can
be an array of nano-wires made of nickel, while the array
2402 can be an array of carbon polymer nano-tube com-
plexes. This flexibility in creation of the resultant array
(whether the shown cross-hatch array 2804 or another array)
allows for many varied and useful arrays.

[0188] Thus, using the process 2000, the platform 500 can
create arrays of nano-objects. The resultant array (here the
array 2402), can include substantially parallel rows of the
nano-objects 2404. Based on the many different types of
materials and particles that can be included in the nano-
objects 2404, the array 2402 can be made of rows of polymer
nano-tubes, metal wires, semi-conductors, and other mate-
rials. In the case of nano-tubes, the array 2402, or an array
including the array 2402 and the second array 2802, can
have a length that is nanometer to centimeter in scale and a
thickness and depth that is nanometer to meso-meter in
scale.

[0189] Although the invention is described in language
specific to structural features and methodological steps, it is
to be understood that the invention defined in the appended
claims is not necessarily limited to the specific features or
steps described. Rather, the specific features and steps
disclosed represent preferred forms of implementing the
claimed invention.

What is claimed is:
1. A method for fabricating an array of nano-objects
comprising:

providing a superlattice having a working surface and
alternating layers of a conductive material and one or
more other materials, the working surface comprising
exposed edges of the alternating layers, the exposed
edges of the conductive material layers being offset to
form troughs relative to the exposed edges of one or
more of the one or more other material layers and
having a length and a thickness, the length being
significantly larger than the thickness and the thickness
being between 0.7 and one hundred nanometers;

charging nano-objects in a liquid bath, the charged nano-
objects having a length and a thickness, the length
being significantly larger than the thickness, the thick-
ness of the charged nano-objects being less than the
thickness of the exposed edges of the conductive mate-
rial layers;

placing the working surface in the bath;

charging the offset, exposed edges of the conductive
material layers to create a voltage difference between
the offset, exposed edges of the conductive material
layers and the charged nano-objects; and

collecting the charged nano-objects in the troughs to
create an array of the nano-objects.
2. The method of claim 1, wherein the bath has a
temperature of fifteen to thirty degrees Celsius.
3. The method of claim 1, wherein the liquid flows over
the working surface.
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4. The method of claim 1, wherein the liquid laminarly
flows over the working surface.

5. The method of claim 1, wherein the pH of the bath is
between four and nine.

6. The method of claim 1, wherein the voltage difference
is between one and ten volts.

7. The method of claim 1, wherein the lengths of each of
many of the collected, charged nano-objects is substantially
oriented along the length of the offset, exposed edges of the
conductive material layers.

8. The method of claim 1, wherein the collecting further
includes:

laminarly flowing the charged nano-objects along the
length of the offset, exposed edges of the conductive
material layers.
9. The method of claim 1, wherein the collecting further
includes:

laminarly flowing the charged nano-objects along the
length of the troughs but leaving some of the nano-
objects uncollected; and

introducing turbulent flow outside of the troughs to
remove the uncollected nano-objects.
10. The method of claim 1, wherein the collecting further
includes:

laminarly flowing the charged nano-objects along the
length of the troughs but leaving some of the nano-
objects uncollected; and

introducing gas bubbles into the laminar flow to create
turbulence in the flow outside of the troughs to remove
the uncollected nano-objects.
11. The method of claim 1, wherein the collecting further
includes:

settling the charged nano-objects into the troughs by

agitating the charged nano-objects.

12. The method of claim 1, wherein the collecting further
includes applying a small alternating current to oscillate the
charged nano-objects to aid in collecting the charged nano-
objects within the troughs.

13. The method of claim 1, wherein the charging the
nano-objects in the bath includes charging ions in the bath
to spatially distribute some of the ions near the offset,
exposed edges of the conductive material layers, wherein the
spatial distribution restricts a spatial region within which an
electric field is non-zero near the troughs.

14. The method of claim 1, further comprising:

removing substantially all of the nano-objects that are not

collected with the troughs.

15. The method of claim 1, wherein the charged nano-
objects include polymer nano-tubes complexes.

16. The method of claim 1, wherein the charged nano-
objects include ionized inorganic molecules, ionized organic
molecules, ionized biological molecules, ionized polymers,
charged metal particles, semiconductor particles, insulating
nanoparticles, metal nanowires, metal nano-needles, semi-
conductor nanowires, or semiconductor nano-needles.

17. The method of claim 1, further comprising:

contacting the array and the working surface to a sub-
strate; and

separating the working surface from the substrate to
release the array from the working surface.
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18. The method of claim 1, further comprising:

contacting the array and the working surface to a high-
adhesion layer of a substrate; and

separating the working surface from the substrate to
release the array from the working surface.
19. The method of claim 1, further comprising:

providing a substrate having a second array of nano-
objects;

contacting the first array and the working surface to the
substrate substantially perpendicular to the second
array; and

separating the working surface from the substrate to
release the first array from the working surface to create
a cross-hatch of the first array and the second array.
20. The method of claim 1, further comprising:

providing a substrate having a second array of nano-
objects;

contacting the first array and the working surface to the
substrate parallel to the second array; and

separating the working surface from the substrate to
release the first array from the working surface.
21. The method of claim 1, further comprising:

placing a substrate near to the working surface of the
superlattice; and

transferring the array of the nano-objects from the work-
ing surface to the substrate by creating a voltage
difference between the array of the nano-objects and
the substrate.

22. The method of claim 1, further comprising:

placing a substrate near to the working surface of the
superlattice;

charging a dielectric plate with a corona discharge; and

placing the charged, dielectric plate near the substrate to
transfers a part of the array of the nano-objects from the
working surface to the substrate.
23. A method for fabricating an array of nano-objects
comprising:

charging nano-objects;

charging, relative to the charged nano-objects, troughs of
a corrugated surface of a superlattice, the corrugated
surface having ridges being substantially uncharged
relative to the nano-objects;

exposing the surface to the charged nano-objects to create,
within the troughs, an array of the charged nano-
objects.

24. The method of claim 23, wherein the charged nano-
objects are ions within a bath and the exposing includes
placing the surface within the bath.

25. The method of claim 23, wherein the troughs have a
thickness between 0.7 and one hundred nanometers.

26. The method of claim 23, wherein the exposing the
surface includes flowing the charged nano-objects over the
troughs.

27. The method of claim 23, wherein the exposing the
surface includes laminarly flowing the charged nano-objects
along the troughs, and further comprising:
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introducing turbulent flow outside of the troughs to
remove the charged nano-objects that are not within the
troughs.

28. The method of claim 23, further comprising;

settling some of the charged nano-objects that are not
within the troughs into the troughs by agitating the
charged nano-objects.

29. An apparatus comprising:

means for charging nano-objects;

means for charging, relative to the charged nano-objects,
troughs of a corrugated surface, the corrugated surface
having ridges being substantially uncharged relative to
the nano-objects;

means for exposing the surface to the charged nano-
objects to collect, within the troughs, an array of the
charged nano-objects.

30. The apparatus of claim 29, wherein the means for
exposing is a flow of the charged nano-objects along the
troughs.

31. The apparatus of claim 29, wherein the means for
exposing is a flow of the charged nano-objects along the
troughs and further comprising:

means to introduce turbulent flow outside of the troughs
to remove substantially all of the charged nano-objects
that are not collected within the troughs.

32. The apparatus of claim 29, further comprising:

means for settling the charged nano-objects that are
partially collected within the troughs to substantially
within the troughs by agitating the partially collected,
charged nano-objects.

33. The apparatus of claim 29, further comprising:

means for contacting the array and the corrugated surface
to a substrate; and

means for separating the corrugated surface from the
substrate to release the array from the corrugated
surface.

34. The apparatus of claim 29, further comprising:

means for providing a substrate having a second array of
nano-objects;

means for contacting the first array and the corrugated
surface to the substrate substantially perpendicular to
the second array; and

means for separating the corrugated surface from the
substrate to release the first array from the corrugated
surface to create a cross-hatch of the first array and the
second array.

35. The apparatus of claim 29, further comprising:

means for providing a substrate having a second array of
nano-objects;

means for contacting the first array and the corrugated
surface to the substrate parallel to the second array; and

means for separating the corrugated surface from the
substrate to release the first array from the corrugated
surface.

36. The apparatus of claim 29, further comprising:

means for placing a substrate near the troughs of the
corrugated surface; and
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means for transferring the array from the troughs to the
substrate by creating a voltage difference between the
array and the substrate.
37. A method for fabricating an array of nano-objects
comprising:

providing nano-objects having a length and a thickness,
the length being substantially larger than the thickness;

providing a corrugated surface of a superlattice having
troughs and ridges, the troughs having a length and a
thickness, the length being significantly larger than the
thickness; and

orienting the lengths of the nano-objects with the lengths

of the troughs of the corrugated surface.

38. The method of claim 37, wherein the orienting
includes laminarly flowing the nano-objects along the length
of the troughs.

39. The method of claim 37, wherein the orienting
includes:

collecting the nano-objects in the troughs in part by
laminarly flowing the nano-objects along the length of
the troughs; and

introducing turbulent flow outside of the troughs to
remove those of the nano-objects that are not collected
in the troughs.
40. The method of claim 37, wherein the orienting
includes:

collecting the nano-objects in the troughs in part by
laminarly flowing the nano-objects along the length of
the troughs; and

introducing gas bubbles into the laminar flow to create
turbulence in the flow outside of the troughs to remove
those of the nano-objects that are not collected in the
troughs.

41. The method of claim 37, wherein the orienting
includes laminarly flowing the nano-objects through a struc-
ture having an interior surface, the interior surface including
the corrugated surface with the length of the troughs of the
corrugated surface substantially aligned with the laminar
flow of the nano-objects.

42. The method of claim 37, wherein the orienting
includes settling the nano-objects substantially within the
troughs by agitating the nano-objects.

43. The method of claim 37, wherein the orienting
includes settling the nano-objects substantially within the
troughs by agitating the nano-objects with ultrasonic energy.

44. The method of claim 37, wherein the orienting
includes charging the troughs and the nano-objects to elec-
trophoretically attract the charged nano-objects to the
charged troughs.

45. The method of claim 37, wherein the orienting
includes:

charging the troughs and the nano-objects to electro-
phoretically attract the charged nano-objects to the
charged troughs; and

applying a small alternating current to oscillate the nano-
objects to aid in collecting the nano-objects within the
troughs.
46. The method of claim 37, wherein the orienting
includes:
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charging the troughs and a solution containing the nano-
objects and ions to spatially distribute some of the ions
near the troughs to restrict a spatial region within which
an electric field is non-zero near the troughs;

exposing the nano-objects to the restricted spatial region
within which the electric field is non-zero near the
troughs to polarize the exposed nano-objects; and

collecting, electrophoretically, the polarized nano-objects
in the troughs.
47. The method of claim 37, wherein the orienting
includes:

charging the troughs and a solution containing the nano-
objects and ions to spatially distribute some of the ions
near the troughs to restrict a spatial region within which
an electric field is non-zero near the troughs;

exposing the nano-objects to the restricted spatial region
within which the electric field is non-zero near the
troughs to polarize the exposed nano-objects;

accumulating, electrophoretically, the polarized nano-ob-
jects very near or at the troughs; and
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settling substantially within the troughs the accumulated
nano-objects by applying a small alternating current to
oscillate the accumulated nano-objects.

48. The method of claim 37, wherein the orienting leaves
some of the nano-objects un-oriented and further comprising
removing the un-oriented nano-objects.

49. The method of claim 37, wherein the orienting leaves
some of the nano-objects un-oriented and further comprising
removing the un-oriented nano-objects by agitating the
un-oriented nano-objects with ultrasonic energy.

50. The method of claim 37, wherein the orienting
includes collecting the nano-objects substantially within the
troughs.

51. The method of claim 37, wherein nano-objects include
inorganic or organic molecules; biological molecules; metal,
semiconductor, or insulating nano-particles; metal or semi-
conductor nanowires; metal or semiconductor nano-needles;
or metal, dielectric, or semiconductor nano-tubes.



